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T h e r m o c a p i l  l a r y  f l o w  i s  d r i v e n  by a t h e r u i a l  l y  i n d u c e d  
s u r f a c e  t e n s i o n  v a r i a t i o n  a l o n g  a l i q u i d  f r e e  su r face .  I n  t h e  
e a r t h - g r a v i t y  environment such f lows  a r e  u s u a l  l y  overshadowed by 
buoyancy d r i v e n  f lows. b u t  a t  reduced g r a v i t y  c o n d i t i o n s  t h e i r  
i n f l u e n c e  c o u l d  b e  s i g n i f i c a n t  ( [ l l ) .  Among v a r i o u s  t y p e s  o f  
f lows  t h a t  can occur  a t  low-gravi ty  thermocapi l  l a r y  f lows  a r e  
perhaps  t h e  most i n t e r e s t i n g  n o t  o n l y  s c i e n t i f i c a l l y  bu t  a l s o  
because of t h e i r  importance t o  such t e c h n o l o g i c a l  a p p l i c a t i o n s  
a s  t h e  c o n t a i n e r l e s s  p r o c e s s i n g  o f  m a t e r i a l s .  The re fo re  w i t h  
t h e  adven t  of t h e  m i c r o g r a v i t y  s c i e n c e s  and a p p l i c a t i o n s  program 
c o n s i d e r a b l e  a t t e n t i o n  b e g a n  t o  b e  g i v e n  t o  t h e r m o c a p i l  l a r y  
f lows.  

We a t  C a s e  W e s t e r n  R e s e r v e  U n i v e r s i t y  s t a r t e d  a 
comprehensive t h e o r e t i c a l  and exper imenta l  r e s e a r c h  program on 
t h e  s u b j e c t  a s  e a r l y  a s  12 y e a r s  ago  and  i t  is s t i l l  b e i n g  
cont inued.  Our p a s t  work a s  w e l l  a s  t h e  work done by o t h e r s  i s  
summarized i n  Chapter  11. From tbose  s t u d i e s  i t  became apparent  
t h a t  t h e r m o c a p i l l a r y  f l o w s  a r e  v e r y  complex and t h a t  t h e r e  a r e  
s e v e r a l  s e r i o u s  l i m i t a t i o n s  t o  t h e  g r o u n d - b a s e d  w o r k .  
T h e r e f o r e ,  e x p e r i m e n t s  a t  l o w - g r a v i t y  a r e  n e e d e d  i n  o r d e r  t o  
u n d e r s t a n d  b e t t e r  s u c h  complex  f l o w s ,  The j u s t i f i c a t i o n  f o r  
low-gravi ty  exper iments  i s  p r e s e n t e d  i n  Chapter  111. 

Our o r i g i n a l  d e s i g n  of a s p a c e  e x p e r i m e n t ,  wh ich  s t a r t e d  
about  10 y e a r s  ago. was in tended  t o  demonst ra te  t h e r m o c a p i l l a r y  
f l o w  i n  a reduced-gravi ty  environment.  S ince  then  t h e  scope of 
t h e  e x p e r i m e n t  h a s  b e e n  e x p a n d e d  s o  t h a t  q u a n t i t a t i v e  
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s c i e n t i f i c  t e s t s  w i l l  b e  p e r f o r m e d  i n  space .  The S c i e n c e  
r e q u i r e m e n t s  Document (SRD) f o r  t h e  expanded  e x p e r i n e n t  was 
i s s u e d  i n  1 9 8 5  and  was r e v i e w e d  by  t h e  PACE s c i e n c e  r e v i e w  
boa rd .  To  c l a r i f y  a s p e c t s  r a i s e d  by t h e  b o a r d  t h e  SR!D was 
r e v i s e d  and accepted  i n  June  1985 by t h e  board.  The Conceptual  
Design r ev iew of t h e  experiment was h e l d  i n  November. 1985 and 
because of t h e  C h a l l e n g e r  a c c i d e n t  t h e  board asked us  t o  expand 
f u r t h e r  t h e  s c o p e  o f  t h e  e x p e r i m e n t  t o  r e f l e c t  d e c r e a s e d  
r e f l i g h t  p o s s i b i l i t i e s .  The c u r r e n t  s c i e n c e  requi rements  a r e  
based on t h i s  f u r t h e r  expansion and a r e  d i scussed  i n  Chapter  IV. 

To o b t a i n  a s  much in fo rma t ion  a s  p o s s i b l e  from t h e  proposed 
e x p e r i m e n t s  i t  i s  n e c e s s a r y  t o  c o n t i n u e  o u r  g round-based  
r e s e a r c h  work e s p e c i a l l y  on o s c i l  l a o r y  t h e n n o c a p i l l a r y  flow. 
The suppor t  work i s  desc r ibed  i n  Chapter  V. 

11. PAST TORK ON TEHUOUPILLAgy FLOI 

S i n c e  s e v e r a l  p a p e r s  (e.  g.  11-31] d i s c u s s  i n  d e t a i l  t h e  
p a s t  work on t h e m o c a p i l l a r y  f low and i t s  importance i n  c r y s t a l  
g rowth .  o n l y  t h e  work p e r t i n e n t  t o  t h e  p r o p o s e d  e x p e r i m e n t  i s  
d i s c u s s e d  here in .  

O s t r a c h  [2l d e r i v e d  by a f o r m a l  p r o c e d u r e  t h e  i m p o r t a n t  
d imens ion le s s  parameters  f o r  t h e r m o c a p i l l a r y  f l o w  i n c l u d i n g  t h e  
e f f e c t  o f  buoyancy .  The  work shows t h a t  in l i q u i d s  o t h e r  t h a n  
l i q u i d  E e t a l s  t h e r m o c a p i l l a r i t y  i s  Cominated by buoyancy i n  a 
normal g r a v i t y  environment  u n l e s s  t h e  system i s  made v e r y  s m a l l .  
F l a t  and  r i g i d  f r e e  s u r f a c e s  were  assumed i n  t h e  work. The 
impor tan t  pa rame te r s  i n  reduced g r a v i t y  w i t h  f l a t  f r e e  s u r f a c e s  
a r e :  

Marangoni number. Ma = aa/aT ATEflpa 

P r a n d t l  number. Pr = V / a  

a s p e c t  r a t i o ,  A r  = H/L 
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w h e r e  a a / a T  is t h e  v a r i a t i o n  o f  s u r f a c e  t e n s i o n  w i t h  
temperature, AT the overall temperature variation along the free 
surface, p the viscosity of the fluid, r) the kinematic 
viscosity, a the thermal diffasivity, and h' and L are the depth 
and length of the fluid domain. 

Because of difficulties in investigating thermocapillary 
flows experimental ly over wide ranges of parameters in one-g the 
effects of the above parameters on the flows were studied mainly 
by numerical analyses. Clark and Wilcox [ 4 1  investigated 
thermocap i 1 1 ary f 1 ow in f 1 oat ing zone. They iaposed fixed 
surface temperature distributions, thereby missing an important 
feature of the flow, namely, the coupling between the surface 
temperature distribution, which is directly related t o  the 
driving force of the flow, and the velocity field. Fu and 
Ostrach 151 were the first to study the coupling phenomenon over 
wide ranges o f  B!a, Pr, and Ar. It is shown in that work that 
with increasing hia the surface temperature distribution tends to 
be relatively flat o v e r  a large part of the free surface and 
sharp temperature drops occur in small regions adjacent to the 
hot and cold ends, so the flow is mainly driven in those corner 
regions. Recent numerical analyses 16,  71 improved the 
numerical accuracy of Fu and Ostrach but their accuracy is still 
poor beyond about !?a = 5 x 10 due to the existence of very thin 
corner regions. 

4 

Experimentally Ostrach and Pradhan [SI demonstrated the 
existence of thermocapillary flow in reduced gravity in drop 
tower tests. Chun and Wuest 191 and Schwabe et al. [lo] studied 
thermocapil lary flows in small floating zones. Those two groups 
also found a transition from steady to oscillatory convection 
([ll, 1211, which they claimed occurred beyond a critical Bfa. 
Kamotani et al. [131 conducted an extensive experimental study 
on the effects of various parameters on the onset of oscillation 
and concluded that Ma is not the only parameter to determine the 
onset. They suggested that flexibility of the free surface 
could play an important role and thus the capillary nuniber (Ca) 
should be an important dimensionless parameter for oscillation. 
The idea was supported by the experimental data, which indicated 
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that the oscillations are a result of coupling among the free- 
surface temperature distribution, the velocity field. and the 
free-surface shape (return flow). Subsequently Lai et all. 1141 
confirmed the idea mainly by a physical and scaling argument. 
They showed that the oscillation originates in the corner 
regions and the surface f lexibil ity is represented by the 
parameter S = (l/Pr) ( 1  a u / d T  I AT/u), which can be c a l l e d  a 
modified capillary number. The parameter is the ratio of the 
surface deformation time scale to the thermal-diffusion time 
scale in the corner regions. Based on the data taken in float- 
zones the oscillation occurs when M a  is above lo4 and S is 
larger than about 1.4 x Napolitano et al. 115, 161 
conducted experiments in space with large f loat-zones 
(- 10 cm, M a  - 5 x 10% but did not observe oscillations, 
probably because S was too small. Not much is known about 
oscillations in other configurations. L e e  and Kamotani 1171 
used a small rectangular container ( <  1 cn) and heated the fluid 
b y  a thin wire spun across the container in the middle. They 
observed oscillations but they were of a different type caused 
by a Lelvin-Eelmhotz instability along the interface between 
the surface flow and the relatively quiescent b u l k  fluid. in 
other words, the fluid was thermally stratified. 

Theoretically the effect of free surface deformation on 
thermocapillary flow has been investigated in the past. Sen and 
D a v i s  1181 solved steady thin liqaid-layer problems in a two 
dimensional slot including surface deformation under zero- 
gravity by asymtotic expansion and matching techniques. Strani 
et al. [191 a l s o  treated a similar problem both by asymptotic 
theory and numerical solution, in which the surface deformation 
was shown to h a v e  a negligible influence o n  the steady flow 
field structure in the ranges o f  parameters encountered in 
practice. Pimputkar and Ostrach 1201 were the first to discuss 
the transient phenomena of thennocapillary flows in thin-liquid 
layers. A formal non-dimensional ization was made which 
indicated an explicit ordering of the equations so that ad hoc 
assumptions were unnecessary. The flows and surface shapes were 
determined numerically for a family of different imposed surface 
tempera tare di s t r ibut ions. 
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A s  f o r  t h e o r e t i c a l  a n a l y s i s  of t h e  o s c i l l a t i o n  phenomenon 
Smith and Oav i s  121, 221 s t u d i e d  t h e  s t a b i l i t y  problems of two- 
d i m e n s i o n a l  t h i n  1 i q u i d  l a y e r s  b y  u s i n g  1 i n e a r  s t a b i l i t y  
a n a l y s i s .  They cons ide red  s e p a r a t e l y  two types  of i n s t a b i l i t i e s  
c a l l e d  s u r f a c e  modes and  t h e r m a l  modes b u t  d i d  n o t  o b t a i n  a 
proper  c r i t e r i o n  f o r  t h e  p r e d i c t i o n  of  o s c i l l a t i o n s  a s  ob ta ined  
i n  experiments.  It  shou ld  be noted  t h a t  t h e i r  a n a l y s e s  were f o r  
v e r y  t h i n  l i q u i d  l a y e r s  and t h e  aforementioned c o u p l i n g  was n o t  
cons idered ,  so t h e  i n s t a b i l i t i e s  s t u d i e d  by then  a r e  n o t  r e a l l y  
r e l a t e d  t o  t h e  o s c i l l a t i o n  phenomenon obse rved  exper imenta l  l y  i n  
t h e  p a s t .  

rrr. RATIONALE FOB SPACE EXPEBIMENT 

D e s p i t e  t h e  p a s t  work r e v i e w e d  a b o v e ,  t h e r e  a r e  some 
impor tan t  unanswered q u e s t i o n s  about t h e r m o c a p i l l a r y  f low: 

1. o s c i l l a t i o n  phenomenon - e f f e c t s  of  c o n f i g u r a t i o n ,  s u r f a c e  

thermal  s i g n a t u r e  and h e a t i n g  mode 

f l o w  a t  l a r g e  l!a ( >  1 0 5 )  - t h i n  c o r n e r  r e g i o n s ,  c o n t a c t  2. 

l i n e  behav io r ,  subregions  

3. f l ow i n  a low-gravi ty  environment  - e f f e c t s  of cu rved  f r e e  

s u r f a c e  a t  l a r g e  Ma, g - j i t t e r  a n d  f r e e - s u r f a c e  

deformabi l  i t y  

T h e  m a i n  r e a s o n  why t h e s e  s u b j e c t s  h a v e  n o t  b e e n  
i n v e s t i g a t e d  is t h a t  i t  i s  ex t r eme ly  d i f f i c u l t  t o  s t u d y  them i n  
ground-based work due t o  t h e  f o l l o w i n g  problems. 

E x p e r i m e n t a l l y  because  of t h e  e f f e c t  o f  g r a v i t y  on t h e  f r e e  
s u r f a c e  a n d  t h a t  o f  b u o y a n c y  o n  t h e  f l o w  p r e d o m i n a n t l y  
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t h e r m o c a p i l l a r y  f low can be r e a l i z e d  i n  one-g o n l y  i n  v e r y  s m a l l  
c o n f i g u r a t i o n s  ( l e s s  t h a n  a few ma. u s u a l l y ) .  As m e n t i o n e d  
a b o v e ,  w i t h  l i q u i d  t r e t a l s  i t  i s  p o s s i b l e  t o  g e n e r a t e  
t h e r m o c a p i l l a r y  f low i n  a r e l a t i v e l y  l a r g e  c o n f i g u r a t i o n  (- 10 
cn) but  t h e  dominant t h e r r o c a p i l l a r i t y  i s  l i m i t e d  t o  t h e  s u r f a c e  
f l o w  r e g i o n  o n l y  and a l s o  t h e  s t a t i c  Eond number i s  l a r g e .  
L i e i t e d  r eg ions  of thermocapi l  l a r y  f lows  can be obta ined  wi th  
o t h e r  f l u i d s  when t h e  f r e e  s u r f a c e s  a r e  h e a t e d  from a b o v e  t o  
m i n i m i z e  n a t u r a l  c o n v e c t i o n .  C o n s i d e r i n g  t h e  f a c t  t h a t  t h e  
number o f  t e s t  f l u i d s  i s  l i m i t e d  b e c a u s e  of t h e  p r o b l e m  of  
s u r f a c e  contaminat ion,  a s m a l l  c o n f i g u r a t i o n  means a s m a l l  h!a. 

a c t u a l  c r y s t a l  g rowth  s y s t e m s  Ka c a n  b e  up t o  10’ o r  above .  
A l so  wi th  a s m a l l  c o n f i g u r a t i o n  i t  i s  d i f f i c u l t  t o  i n v e s t i g a t e  
t h e  f low i n  d e t a i l  by q u a n t i t a t i v e  measurements e s p e c i a l l y  i n  
t h e  i m p o r t a n t  c o r n e r  r e g i o n s .  With i n c r e a s i n g  Ma t h e  c o r n e r  
r e g i o n s  become t h i n n e r  ( t h e i r  l e n g t h  s c a l e  r e l a t i v e  t o  t h e  
geometr ic  l e n g t h  s c a l e  i s  on t h e  o r d e r  of 11Ka a s  d i s c u s s e d  i n  
( [ 2 3 1 ) ,  so n o r m a l l y  s m a l l  e f f e c t s  i n  t h e  c o r n e r s  c o u l d  become 
i m p o r t a n t .  F o r  example ,  t h e  c o n t a c t  l i n e  b e h a v i o r  (dynamic 
w e t t i n g  c h a r a c t e r i s t i c s ,  we t t ing  t r a n s i t i o n ,  w a l l  co rne r  shape 
and c o n d i t i o n )  c o u l d  i n f l u e n c e  t h e  f l o w .  I t  i s  a l s o  p o s s i b l e  
t h a t  w i t h  t h e  d r i v i n g  f o r c e  concen t r a t ed  i n  such s m a l l  r eg ions  
t h e  f low d e v e l o p s  subregions  ( c e l l s )  e s p e c i a l l y  w i t h  a cu rved  
f r e e  sur face .  I n  one-g a curved  f r e e  s u r f a c e  i s  p o s s i b l e  o n l y  
i n  a s m a l l  conf igu ra t ion .  The d r i v i n g  f o r c e  f o r  t h e r n o c a p i l  l a r y  
f l o w  a c t s  i n  t h e  d i r e c t i o n  t a n g e n t  t o  l o c a l  f r e e  s u r f a c e ,  so  
wi th  a curved  s u r f a c e  t h e  d r i v i n g  f o r c e  d i r e c t i o n  changes a long  
t h e  s u r f a c e .  T h i s  i s  q u i t e  d i f f e r e n t  f rom t h e  b e h a v i o r  w i t h  a 
f l a t  s u r f a c e  i n  one-g. 

I t  i s  p o s s i b l e  t o  o b t a i n  o n l y  up t o  !‘a = 1 0  4 i n  one-g b u t  i n  

As f o r  numer ica l  a n a l y s i s  of s t eady  t h e m o c a p i l l a r y  f low a t  
l a r g e  P a ,  t h e r e  a r e  a few s e r i o u s  p r o b l e m s  a t  p r e s e n t .  F i r s t ,  
t o  r e s o l v e  t h e  i m p o r t a n t  c o r n e r  r e g i o n s  we n e e d  a l a r g e  
computa t iona l  power and an a c c u r a t e  numer ica l  scheme e s p e c i a l  l y  
w i t h  a h i g h l y  c u r v e d  f r e e  s u r f a c e .  S e c o n d l y  n o t  a l l  t k e  
boundary c o n d i t i o n s  a r e  w e l l  known. I t  i s  d i f f i c u l t  t o  s :pecify 
t h e  c o n t a c t  l i n e  c o n d i t i o n s  a c c u r a t e l y .  The degree  of  s u r f a c e  
contaminat ion  i s  a l s o  d i f f i c u l t  t o  be s p e c i f i e d .  There is  a l s o  
a p o s s i b i l i t y  t h a t  a a I a T  i s  no t  t h e  o n l y  parameter  t o  d e s c r i b e  
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the surface condition e v e n  when the surface is clean 1241. 
Therefore, as was done in the field of natural convection in the 
past, numerical work needs to be carefully guided by experiments 
before they yield meaningful and useful results. A numerical 
analysis helped design the proposed experiment and it will also 
complement the experimental data but it cannot replace the 
experiments. 

So far observations of oscillatory thermocapillary flow 
have been limited to a simulated floating zone configuration in 
which a small 1 iquid c o l umn is suspended vertical ly between 
differentially heated cy1 indrical metal rods. In that situation 
the free surface is vertical so that a strong surface flow can 
oppose directly the effect of buoyancy, which makes it easier to 
avoid thermal stratification. That configuration also makes it 
easier for the flow to oscillate by a1 lowing azimuthal traveling 
of disturbances [ill. If we inhibit the traveling, the critical 
temperature difference increases substantially [131. In other 
conf igurations with horizontal free surfaces the f laid layer 
tends to be thermal ly stratified unless the conf igurations are 
very small. The stratification gives rise to a Kelvin-Helmholtz 
type instability before the onset of oscillations associated 
with thermocapillary flow 1171. It thus seems that the effect 
of various configurations on the oscillation phenomenon can only 
be studied in reduced gravity conditions. In the floating zone 
configuration the heating mode is fixed (imposed temperature 
difference) and the thermal signatures are more or less 
independent of other parameters. The effects o f  heating mode 
a n d  s u r f a c e  t h e r m a l  s i g n a t u r e  c a n  b e  s t u d i e d  in that 
configuration (as w e  are currently doing) but  they need to b e  
studied also in other configurations. Numerical analysis of the 
phenomenon is extremely difficult because, in addition to the 
problems associated with steady flow analysis discussed above, 
the f l o w  is unsteady and it is necessary to incorporate the 
coupling among the free surface shape, the surface thermal 
signature, and the velocity field. We need to do more work on 
t h e  s u b j e c t  and, a t  t h e  s a m e  time, c o n s i d e r a b l y  m o r e  
experimental information must be obtained in reduced gravity to 
guide the numerical work. 
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I n  a reduced g r a v i t y  environment t h e  dynamic b e h a v i c r  of a 
l a r g e  f r e e  s u r f a c e  i s  d i f f e r e n t  f rom t h a t  i n  one-g i n  t h a t  
i n s t e a d  o f  g r a v i t y ,  s u r f a c e  t e n s i o n  c o n t r o l s  t h e  b e h a v i o r .  
Thus, how t h e  f r e e  s u r f a c e  deforms du r ing  o s c i l l a t i o n  cannot  be 
s t u d i e d  a c c u r a t e l y  i n  one-g. E e s i d e s ,  t h e  d e f o r m a t i o n  i s  t o o  
s m a l l  t o  be  m e a s u r e d  a c c u r a t e l y  i n  one-g. A c c o r d i n g  t o  our 
p r e v i o u s  s tudy  1251 t h e  e f f e c t  of g - j i t t e r  on t h e  f r e e  s u r f a c e  
m o t i o n  i s  n e g l i g i b l e  a s  l o n g  a s  i t s  l e v e l  i s  k e p t  l e s s  t h a n  
l G 4 g .  However ,  a t  l a r g e  Ma e v e n  a s R a l l  f r e e  s u r f a c e  m o t i o n  
nea r  t h e  c o n t a c t  l i n e s  c o u l d  induce a l a r g e  change i n  this f l ow 
s t r u c t u r e  f o r  t h e  r easons  discassec! above. 

IV. DESCRIPTION OF SPACE EXPERIMENTS 

E r p e r i r e o t s  on thermocapi l  l a z y  f low i n  reduced g r a v i t y  have  
been proposed t o  s tudy  t h e  f o l l o w i n g  a s p e c t s :  

1. t h e  e x t e n t  and  n a t u r e  o f  t h e r m o c a p i l l a r y  f l o w s  a t  l a r g e  

Ma ( > l o4 )  

2 .  t empera ture  d i s t r i b u t i o n s  a l o n g  t h e  f r e e  s u r f a c e  and i n  t h e  

bu lk  f l u i d ,  and t h e i r  e f f e c t  on t h e  f low f i e l d s  

3 .  t h e  e f f e c t  o f  h e a t i n g  mode on t h e  f lows 

4.  t h e  e f f e c t  o f  t h e  l i q u i d  f r e e  s u r f a c e  shape on t h e  f lows  

5 .  t h e  o n s e t  c o n d i t i o n s  and n a t u r e  of  o s c i l l a t o r y  f lows  

The s t u d y  of t h e  o s c i l l a t i o n  phenomenon i s  expec ted  t o  be a 
d i f f i c u l t  one, so t h e  exper imenta l  system t o  s tudy  i t  i n  d e t a i l  
r e q u i r e s  p r e l  i m i n a r y  i n f o r m a t  i o n  from s p a c e  e x p e r i m e n t s  and  
con t inued  ground-based work. For  t h i s  r eason  two expe r imen ta l  
s e r i e s  a r e  p r o p o s e d  t o  a c c o m p l i s h  t h e  a b o v e  o b j e c t i v e s :  t h e  
f i r s t  one i n  which t h e  f i r s t  f o u r  i tems i n  t h e  above l i s t  w i l l  
be  s t u d i e d  and t h e  second one i n  which t h e  o s c i l l a t i o n s  w i l l  be  
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the main subject. Attempts will be made ir, the first experiment 
to make the flow oscillatory. Only the design and procedure of 
the first experiment are described herein. A more complete 
description is given in [261. 

4.1 Experimental Design 

In the proposed experiment a circular dish o f  1 0  cm in 
diameter and 5 cm in depth w i l l  be used to hold the test fluid 
(Fig. 1). A circular geometry is chosen to make the flow 
axisymmetric to simplify the analysis and to maintain the 
axisymmetry e v e n  when the free surface is highly curved. A 
floating zone configuration is also an important one especially 
because the oscillation phenomenon has been studied in that 
geometry o n  the ground. However, the latter configuration is 
being studied in space by Napolitano et al. 115, 161 and i t  is 
not a convenient configuration to impose various surface heat 
fluxes. T h e  dimension of the container is chosen for the 
convenience of flow observation. T h e  test fluid w i l l  be 10 
c e n t i s t o k e s  s i l i c o n e  o i l  (Pr J 100). It is s a f e  and 
transparent, and it has been found to be reasonably insensitive 
to surface contamination. Its viscosity value gives the desired 
!.la range. The fluid will be heated in two ways as illustrated 
in Fig. 1. In one case the fluid w i l l  be heated b y  a n  outside 
heating source to impose fixed heat flux distributions along the 
free surface (called CF (constant heat flux) tests herein). In 
the other case a cylindrical heater (1 cm dia.) will be placed 
at the center o f  the container to impose fixed o v e r a l l  
temperature differences along the free surface (CT (constant 
temperature) tests). I n  the CF tests both the heating zone 
diameter and the total heat flux will be varied while in the C T  
tests o n l y  the imposed temperature difference (AT) w i l l  be 
varied. At the present a C02 laser seems to be a good heating 
source in the C F  tests because the heating area can be easily 
adjusted by a lens and it has been found to be absorbed readily 
b y  silicone oil (within about 0.2 cm depth). T h e  side w a l l  of 
the container will be cooled by forced liquid flow around it in 
order to maintain a uniform temperature over the side wall and 
to minimize the time to reach steady conditions. In most of the 
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tests the free surfaces w i l l  be kept flat to simplify the 
analysis and measurement. I n  the tests with curved free 
surfaces the amounts of the fluid in the container w i l l  be 
adjusted to obtain the surface shapes shown in Fig. 2.. T h e  
situation with 0 deg. apparent contact angle is avoided to 
maintain a we1 1 defined contact 1 ine posit ion. 

The flow field w i l l  be studied b y  f l o w  visualiication. 
Particles of order several microns will be mixed with the test 
fluid. A cross-section of the container will be illuminatec! by 
a laser sheet and the particle motions in the plane w i l l  b e  
recorded b y  a sufficient 1 y high resolution recording system 
(video system or m o v i e  camera). (Fig. 3 ) .  The temperature 
field w i l l  be studied by thermocouples ( a  thermistors) which 
will be placed at specified locations in the fluid. T h e  surface 
temperature distribution w i l l  be measured b y  a scanning 
radiometer which w i l l  create a n  infrared image of the surface 
from which the surface temperature distribution w i l l  b e  
determined. A numerical analysis of the flow will complement 
the measurements. 

4.2 Experiment81 Procedure 

Two heating modes (CF and CT experiments) will be studied. 
I n  the CF experiment a total of seven tests w i l l  b e  conducted 
with various total heat inputs and heating zone diameters. The 
conditions for those tests are summarized i n T a b l e  1. I n  one 
test the flow will be observed from the initial quiescent state 
to the final steady state to study the complete time history of 
the flow development, which is expected to take about one hour 
according to our numerical calculation. Other tests’will be 
conducted successively with each test lasting 10 minutes,, which 
is about the time for the velocity field to become nearly 
steady. The free surface rill be curved in two tests. !Because 
of the surface curvature the flow visualization and the surface 
t e m p e r a t u r e  m e a s u r e m e n t  a r e  i n a c c u r a t e  in s o m e  rlegions 
especially near the control line, so we will investigate ways to 
correct the errors as much a s  possible. 
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A t o t a l  o f  f i v e  t e s t s  w i l l  b e  c o n d u c t e C  in t h e  CT 
experiment with various values of AT and two free surface shapes 
as summarized in T a b l e  2. Again one run is for complete flow 
d e v e 1 o pme n t s t ud y . 

I n  both CF and CT experiments the v a l u e s  of M a  and S are 
selected so that in some cases their v a l u e s  far exceed those 
critical values for the onset of oscillation in floating zones. 

To obtain as much useful information a s  possible from the 
space experiments three main subjects are being studied: the 
e x p e r i m e n t a l  techniques,. t h e  t h e r m o c a p i l  l a r y  f l o w  a n d  
oscillation phenomenon, and the numerical analysis. 

5.1 Experiment81 Techniques 

Some experimental techniques employed for the proposed 
experiments are being evaluated and calibrated. 

In the thermography technique used to Iteasure the free 
surface temperature it is important to relate what is measured 
to the surface temperature. T h e  radiation detected by the 
instrument comes from a finite thickness layer below the 
surface, so if there is a large temperature variation within 
that layer, the measured temperature could b e  much different 
from the surface temperature. With the laser heating the 
temperature gradient tends to be very large near the surface, so 
the problem needs to be carefully assessed. The system is being 
calibrited using an arrangement identical to the proposed setup 
in conjunction with the numerical analysis. 

‘ T h e  quality of information w e  can extract from the flow 
visualization technique depends on several factors. At present 
we are working o n  the resolution of the recording system. A 
m o v i e  camera is preferred o v e r  a video system because of its 
high image quality but the recording time of the former presents 

705 



a problem and a r e a l  time t ransmiss ion  of t he  experimental  d a t a  
t o  the  ground ( i f  a v a i l a b l e )  r equ i r e s  the  l a t t e r .  

When we s t u d y  t h e  o s c i l l a t i o n  phenomenon i n  t h e  second 
s p a c e  e x p e r i m e n t ,  t h e  f r e e  s u r f a c e  mot ion  w i l l  be  a n a l y z e d  i n  
d e t a i l .  Since i t  i s  expected t o  be s m a l l ,  an accura te  o p t i c a l  
system t o  measure a sma l l  d e f l e c t i o n  needs t o  be developed. 

5.2 Study of Ther roc8p i l l8 ry  Flow 

A t  p r e s e n t  i t  i s  v e r y  i m p o r t a n t  t h a t  we l e a r n  more a b o u t  
t h e  o s c i l l a t i o n  phenomenon u n d e r  v a r i o u s  c o n d i t i o n s .  
Exper imenta l ly  we a r e  t e s t i n g  conf igura t ions ,  hea t ing  modes and 
f l u i d s  i n c l u d i n g  a m i n i a t u r e  model of t h e  s p a c e  expe r imen t  t o  
s e e  w h e t h e r  a n d  when t h e  f l o w s  become o s c i l l a t o r y  b y  
thermocapil  l a r i t y .  T h e o r e t i c a l l y  we a r e  t r y i n g  t o  incorpora te  
t h e  f l e x i b i l i t y  of  t h e  f r e e  s u r f a c e  i n t o  a r e l a t i v e l y  s i m p l e  
the rmocap i l l a ry  f low model t o  see  i f  i t  i s  p o s s i b l e  thereby  t o  
ob ta in  o s c i l l a t o r y  flows. 

The e f f e c t  of t he  corner  region on t he rmocap i l l a ry  f low a t  
h i g h  l a  i s  a n o t h e r  i m p o r t a n t  s u b j e c t .  In t h e  a n a l y s i s  of  t h e  
f low t h e  con tac t  l i n e  i s  mathemat ica l ly  s i n g u l a r  and, moreover. 
a w e t t i n g  t r a n s i t i o n  c o u l d  o c c u r  i n  t h e  r e g i o n ,  s o  i f  t h e  f l o w  
becomes d r i v e n  m a i n l y  i n  t h a t  r e g i o n  a t  h i g h  b!a, t h e  a n a l y s i s  
cou ld  be d i f f i c u l t .  On t h e  o t h e r  hand, a v e r y  minute amount of 
c o n t a m i n a t i o n  c o u l d  n u l  1 i f y  t h e  c o r n e r  reg ion  e s p e c i a l l y  t h e  
c o l d  c o r n e r  r e g i o n  toward  which t h e  f l o w  (and t h e  s u r f a c e  
c o n t a m i n a n t s ,  i f  p r e s e n t )  i s  d r i v e n .  The s u b j e c t  i s  b e i n g  
s tud ied  expe r imen ta l ly  and numerical  ly .  

The e x i s t i n g  f i n i t e  d i f f e r e n c e  program used  i n  o u r  p a s t  
s t u d i e s  of thermoca i l l a r y  f lows  i s  being modified t o  ana lyze  

increased  number of g r i d s  a r e  required.  The CRAY X-MP24 system 
a t  NASA Lewis w i l l  be used t o  speed up the  computations. 

l a r g e  Ma (> 5 x 1 0  B 1 f l o w  a c c u r a t e l y .  S m a l l e r  g r i d  s i z e s  and 
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A s  m e n t i o n e d  a b o v e ,  w e  a r e  a l s o  d e v e l o p i n g  n u m e r i c a l  
programs t o  s t u d y  t h e  o s c i l l a t i o n s  and t h e  e f f e c t  of t h e  c o r n e r  
r e g i o n s .  The f o r m e r  i n c l u d e s  t h e  f l e x i b i l i t y  o f  t h e  f r e e  
s u r f a c e .  I n  t h e  l a t t e r  p r o g r a m  t h e  e f f e c t  o f  c u r v e d  f r e e  
s u r f a c e s  i s  i n c l u d e d  because t h e  c o r n e r  r e g i o n  i s  expec ted  t o  be 
v e r y  much i n f l u e n c e d  by t h e  f r e e  s u r f a c e  shape. 
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F i g .  3 F l o w  v i s u a l i z a t i o n  s y s t e m  
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Heating T o t a l  Free 
Test No. Zone D i a .  Power AT Ma Surf a c e  Durat ion 

1 10 .5 10.4 4 . 2 ~ 1 0 ~  f l a t  60 

( n d  (W) ( " 0  Shape (min) 

11 2 10 3.0 36.8 1 . 5 ~ 1 0 5  10 

10 3 30 3.0 

10 4 5 0.2 

10 5 5 3.0 

6 5 3.0 - - curved 10 

10 7 30 3.0 

12.4 5 .0~104 11 

10.2 4 . 1 ~ 1 0  4 I 1  

64.7 4 . 4 ~ 1 0 ~  11 

11 - - 

The v a l u e s  o f d T  and Ma are computed by numerical  a n a l y s i s .  

Table  1 Constant hea t  f l u x  (CF) tests 

Ma Heater Free  Durat ion T e s t  No. AT 
("0 Power Sur face  (m i n )  

(W) Shape 

8 10 3 . 9 ~ 1 0 ~  1.5 f l a t  60 

10 9 25 1 .2x105 6.8 

10 10 60 4. 1x105 32.8 

11 

I 1  

11 z5 10 3 . 2 ~ 1 0 ~  1.5 curved 10 

10 11 1 2  s 60 3 . 3 ~ 1 0 ~  32.8 

The v a l u e s  of h e a t e r  power are computed by numerical  a n a l y s i s .  

The v a l u e s  of AT f o r  curved s u r f a c e  are  estimates and M a  are  based 
on average  l i q u i d  depth.  

Table  2 Constant tempera tu te  (CT) tests 
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